The liquefaction of loess under dynamic loading is studied experimentally with a dynamic triaxial test system. The effects of over-consolidation ratio (OCR), saturation degree and the frequency of dynamic loading upon loess liquefaction are investigated. The development of pore pressure within loess samples is also discussed. Based on the experimental results, the empirical relationship between pore pressure ratio and loading cycle number ratio is established for normal consolidated saturated loess.
Introduction
Loess exists extensively in the northwest of China, where the seismic disasters such as land slide and subsidence often occur during earthquake events. The field and laboratory investigations in recent years have shown that the saturated loess with high moisture has high liquefaction potential and flow failure potential. The loess liquefaction caused by an intensive earthquake may make the foundation of building lose stability or induce mudflow in a hilly land. Loess liquefaction has been recognized as one of the most serious seismic disasters [1] . Therefore, to further investigate the mechanism of loess liquefaction is important to civil engineers working on earthquake proof design.
To date, there has been very little research work on loess liquefaction, which was mainly carried out in Japan, the USA and China [1] [2] [3] [4] . The research on loess liquefaction has been reviewed in Ref. [4] .
In this paper, loess liquefaction is studied experimentally with a dynamic triaxial apparatus. The effects of overconsolidation ratio, saturation degree of loess and the frequency of dynamic loading on loess liquefaction are investigated, and moreover, the development of pore pressure within loess under dynamic loading is discussed.
Experimental method
The experiments have been conducted with MTS810 hydraulic-servo dynamic triaxial test system manufactured by MTS Co. in the USA. The loess samples are all 39.1 mm in diameter, and 80.0 mm in height. The prototype samples of Malan Loess in the experiments were taken from Qilihe District of Lanzhou city, China. The physical properties of the samples are listed in Table 1 . The reconstituted loess samples are prepared by dividing each sample into five layers, each of which is compacted with ten hits. The wet density of reconstituted loess samples is 1.68 g/cm 3 and the dry density is 1.49 g/cm 3 . Water head method is used for the saturation of undisturbed samples, and back-pressure method is used for that of remolded samples. Seed's initial liquefaction is taken as the criterion for loess liquefaction.
Influential factors of loess liquefaction
Whether the liquefaction of loess can be triggered depends mainly on the consolidation state, initial stress level of loess and the properties of dynamic loading. In this section, the effects of over-consolidation ratio (OCR), saturation degree and the frequency of dynamic loading upon loess liquefaction will be analyzed. In accordance with Seed's initial liquefaction criterion, the normalized cyclic stress ratio (τ c /σ 0 ) and the number of loading cycles (N l ) are used for evaluating soil initial liquefaction, where τ c is the cyclic shear stress at a point within soil, σ 0 is the initial effective vertical stress at the same point. Note that isotropic consolidation is considered in this study, i.e. σ 0 = σ 3 , in which σ 3 is the confining pressure.
Effect of over-consolidation ratio
The variation of cyclic stress ratio with number of loading cycles for various over-consolidation ratios is shown in Fig. 1 . It can be seen from the figure that the higher the over-consolidation ratio is, the more loading cycles are needed for triggering initial liquefaction for a certain cyclic stress ratio, and that the cyclic strength increases with the increase of OCR. The typical development of pore pressure (u t ) within normally consolidated saturated undisturbed loess with loading cycle (N ) and that within over-consolidated one are illustrated in Fig. 2(a) and Fig. 2(b) , respectively. It is shown in the two figures that the rate of pore pressure buildup within normally consolidated loess sample is higher than that within over-consolidated one. Furthermore, the dilation of soil skeleton may occur in the over-consolidated loess sample (see Fig. 2(b) ). Therefore, the liquefaction resistance of over-consolidated loess is higher than that of normally consolidated one.
The effect of the frequency of dynamic loading
The relationship between cyclic stress ratio τ c /σ 0 and number of loading cycles N l to induce initial liquefaction with various loading frequencies (f ) for undisturbed normally consolidated saturated loess and that for reconstituted loess are shown in Fig. 3(a) and Fig. 3(b) , respectively. For the same value of τ c /σ 0 , the higher the loading frequency is, the larger N l is required to induce initial liquefaction of loess with a fixed value of confining pressure (i.e. σ 3 = 100 kPa). When maintaining the same value of N l , the lower the loading frequency is, the smaller τ c /σ 0 is needed for triggering loess liquefaction.
The effect of the degree of saturation
It is also interesting to investigate the effect of the degree of saturation (S r ) on loess liquefaction. In the experiments, the undisturbed loess samples are normally consolidated under the confining pressure σ 3 = 100 kPa. The frequency of cyclic loads f = 1 Hz and the cyclic stress ratio τ c /σ 0 = 0.3. The relationship between the degree of saturation S r and the number of loading cycle N l to induce initial liquefaction is shown in Fig. 4 . It is indicated that with the increase of S r , a smaller N l is needed for triggering loess liquefaction. Figure 5 shows the variation of pore pressure ratio (u/σ 0 ) with loading cycle number ratio (N/N l ) for various degrees 4 The relationship between the degree of saturation and the number of loading cycle to induce loess initial liquefaction of saturation (S r ) of undisturbed loess samples, where N is the number of loading cycles required to develop the pore water pressure with peak value u. It is shown in the figure that, at the beginning stage of cyclic loading, the rate of excess pore pressure buildup is much higher in loess samples with higher value of S r than that in the loess samples with lower value of S r . This indicates that the resistant strength to liquefaction increases with the decrease of the degree of saturation. 
Development of pore-water pressure
It is well known that, the development of pore water pressure under dynamic loading has a great influence on loess deformation and its strength, which is the key for the analysis of loess stability with the effective stress method. So it is essential to establish the rules for the development of pore pressure, including its appearing, developing and disappearing. However, there is still very little research work on it till now. In this section, based on the experimental results, the formula for describing the development of pore pressure is established.
Our experiments have shown that under dynamic loading, the pore pressure of undisturbed normally consolidated saturated loess increases more quickly at first, and then increases slower. The shape of curve is less affected by the confining pressure, the frequency of dynamic loading and cyclic stress ratio. Based on the experimental results, the empirical relationship between pore pressure ratio u/σ 0 and loading cycle number ratio N/N l can be written as
where a and b are the fitting parameters, depending on the physical properties of loess. For the loess whose basic physical parameters are shown in Table 1 , the values of a and b are determined as 0.55 and 2.34, respectively. As shown in Fig. 6 , the mean experimental values are fitted quite well with the values calculated with Eq. (1). It is noted that the above formula can be used only for describing the pore pressure development of normal consolidated saturated loess. The pore pressure development of over-consolidated saturated undisturbed loess samples under dynamic loading may be different from that of normally consolidated ones. Figure  7 shows relationship between pore pressure ratio u/σ 0 and loading cycle number ratio N/N l for various over-consolidation ratios and with the fixed values of confining pressure (σ 3 = 100 kPa), frequency (f = 1 Hz) and cyclic stress ratio (τ c /σ 0 = 0.3). As illustrated in Fig. 7 , with the increase of over-consolidation ratio (OCR), the rate of pore pressure within loess under dynamic loading gets lower. 
Conclusions
The present work mainly focuses on the liquefaction of loess under dynamic loading. Based on the triaxial experiment results, the following conclusions can be drawn:
(1) Over-consolidation ratio of loess and the frequency of dynamic loading have a great influence on the liquefaction of saturated loess under dynamic loading. For a fixed value of cyclic stress ratio, with the increase of OCR, more loading cycles are required to trigger the liquefaction of saturated loess. For normally consolidated saturated loess, the higher the loading frequency is, the more loading cycles are needed. (2) The saturation degree also has an influence on the liquefaction of loess. With the saturation degree increasing, the excess pore pressure within loess increases greatly, and thereby the liquefaction resistance gets lower. (3) The empirical relationship between pore pressure ratio and loading cycle number ratio is established for normal consolidated saturated loess. Moreover, the pore pressure development within over-consolidated saturated loess is different from that within normally consolidated one. The rate of pore pressure buildup decreases with the increase of OCR.
